Inflammatory cells involved in the allergic response, including eosinophils, mast cells, basophils, and neutrophils, express sialoglycan-binding proteins such as Siglec-8 and Siglec-9, which inhibit cell function and survival. The purpose of this review is to briefly discuss the biology of these siglecs and their ligands and consider their potential impact in pathology and treatment of chronic rhinosinusitis (CRS).
INTRODUCTION
Chronic rhinosinusitis as a model inflammatory disease of the human sinuses and upper airways Chronic rhinosinusitis (CRS) is defined as inflammation of the nose and paranasal sinuses of at least 12 weeks' duration. CRS affects nearly 10% of the population and the two classes of drugs most used to manage it, antibiotics and corticosteroids, are generally not effective, necessitating 200 000 surgeries/ year in the United States and countless procedures worldwide [1, 2] . Owing to the frequent failure of medical management and requirements for surgical intervention, inflamed tissue from CRS patients is often removed and available for scientific investigation in the laboratory. Although there is heterogeneity of disease, and there are variations in pathophysiology of CRS from continent to continent, there is general agreement to functionally divide it into a form without nasal polyps (CRSsNP) and a form with nasal polyps (CRSwNP) [3] . CRSwNP is more likely to be associated with anosmia, airflow limitation, and a feeling of facial pressure, whereas CRSsNP is more likely to be associated with facial pain. Nasal polyp tissue is highly inflammatory and is characterized by significant edema, deposition of fibrin, and infiltration of inflammatory cells, whereas CRSsNP does not have a particular cellular inflammatory cause [4, 5] .
The roles of eosinophils, basophils, neutrophils, and mast cells in chronic rhinosinusitis
Inflammatory cell types elevated in nasal polyp tissues, include lymphocytes (CD4 þ and CD8 þ T cells, B cells, plasmablasts, and plasma cells), granulocytes (neutrophils, eosinophils, and basophils), other myeloid cells (monocytes, macrophages, and innate lymphoid cells [ILC2] in particular), and resident inflammatory cells such as mast cells and dendritic cells [6] . Although there is evidence that many of these cell types are activated (e.g. Th2 cells and ILC2 produce type 2 cytokines and B cells and plasma cells produce antibodies), the focus of this brief review is the role of Siglec-8 and 9 in regulation of granulocytes in inflammation. Only the eosinophils, basophils, and mast cells are known to express Siglec-8. Although monocytes, dendritic cells, natural killer cells, and neutrophils all express Siglec-9, we will limit our comments primarily to neutrophils in this review.
Eosinophils have been associated with CRS, and nasal polyps in particular, for nearly a century [7] . They are highly elevated in most nasal polyps, although many Asian populations, especially those living in rural areas, have polyps that are primarily infiltrated by neutrophils rather than eosinophils [8] . Interestingly, even second generation Asians born and raised in the United States have polyps that are largely neutrophilic [9] . Eosinophil infiltration is associated with anosmia, or the loss of the sense of smell, and recent evidence shows that large numbers of eosinophils infiltrate the olfactory centers that are found deep in the superior meatus in patients with CRSwNP (Lavine, Tan et al. unpublished observations). One hypothesis to explain this link suggests that eosinophil cationic proteins interfere with survival or function of sensory nerves or the sustentacular cells that sustain them in the olfactory zone. Anti-IL-5 antibody (mepolizumab) has been shown to have benefit in CRSwNP, including improved sense of smell, suggesting that eosinophils play a pathophysiological role in the disease [10] . Mast cells have been found to be highly elevated in CRSwNP and can be localized both within the mucosal epithelium as well as in submucosal glands [11] . Basophils have not been studied extensively in CRS, but a recent study [12] shows that they are present in elevated numbers in nasal polyps.
Anti-IgE antibody (omalizumab, Xolair) has been shown to have some efficacy in CRS, suggesting that mast cells and/or basophils are involved [13 & ]. Mast cells, basophils, and eosinophils can all produce mediators that induce vascular leak, mucus secretion, and nerve activation, all responses that may mediate the pathophysiological effects of these cells in CRS.
Expression, function, and ligands for Siglec-8/Siglec-F and Siglec-9/Siglec-E The term siglecs, which stands for sialic acid-binding immunoglobulin-like lectins, was coined in 1998 to describe a subset of the immunoglobulin (Ig) gene superfamily [14] . These surface proteins contain extracellular N-terminal lectin domains that bind different forms of sialic acid, a prominent terminal sugar on many cell surface glycoproteins and glycolipids. Their membrane-proximal cytoplasmic domains usually, but not always, contain certain conserved amino acid sequences found in other groups of inhibitory receptors that are referred to as immunoreceptor tyrosine-based inhibitory motifs or immunoreceptor tyrosine-based switch motifs. The former deliver inhibitory signals, usually through activation of downstream phosphatases, whereas the latter can either be activating or inhibitory via activation of kinases and/or phosphatases, hence the use of the term 'switch' for these domains. There are 14 known human siglecs, and each possesses a characteristic number of Ig-like domains varying in number from two to 17, but most commonly two to four, especially those belonging to the CD33 subfamily of siglecs [15,16 & ]. Mice have fewer siglecs than humans, but relevant to Siglec-8 and Siglec-9, mouse Siglec-F and human Siglec-8 are functionally convergent paralogs, whereas human Siglec-9 and mouse Siglec-E are true orthologs, and thus Siglec-E expression on cells mirrors that for Siglec-9 mentioned above [17] [18] [19] . Like Siglec-8, Siglec-F is expressed predominantly on mouse eosinophils, but unlike Siglec-8 it is also found a high level on alveolar macrophages, and it is not expressed on mouse mast cells or basophils [17, 20] .
A variety of in-vitro experiments have shown that engagement of Siglec-8 or Siglec-9 with antibodies causes eosinophil and neutrophil death, respectively, especially in cytokine-primed cells [21 & , [22] [23] [24] [25] [26] [27] . Cell death in primed cells requires the generation of reactive oxygen species (ROS), and for eosinophils involves mitogen-activated protein kinases and others [28] , whereas in nonactivated cells, death is less pronounced and is mainly caspase dependent [24] . For mast cells,
KEY POINTS
Cells that express the immunoregulatory cell surface molecules Siglec-8 (eosinophils, mast cells, and basophils) and Siglec-9 (neutrophils, monocytes/ macrophages etc.) are important in CRS.
Ligands that have the potential to engage and activate Siglec-8 and Siglec-9 are expressed constitutively in normal nasal tissue and expression is increased in tissue from patients with CRS.
The potential therapeutic usefulness of crosslinking and activation of Siglec-8 and Siglec-9 in CRS and other airways diseases should be explored. Siglec-8 engagement does not induce cell death, but does inhibit the ability of FceRI triggering to release mediators such as histamine and prostaglandin D2 by shifting their response to stimulation by over 10-fold [29] . Siglec-9 also mediates inhibitory activities. For example, in a macrophage cell line, Siglec-9 engagement enhanced IL-10 production while reducing TNFa release [30] . Siglec-9 has also been shown to bind broadly to many different toll-like receptor (TLR) agonists [31] .
Regulation of airway inflammation
Data on Siglec-F and Siglec-E function are more limited. It has been shown that engagement of Siglec-F on mouse eosinophils induces apoptosis, albeit to a much more modest degree, and is unaffected by cytokine priming; nor is there any role for ROS, NADPH, or SHP-1 in this process [32, 33] . Regarding the function of Siglec-E, one study [34] using bone marrow-derived mouse macrophages showed that Siglec-E was induced by several TLR ligands, including LPS, and negatively regulated TLR-dependent responses such as production of IFN-b and CCL5, suggesting that Siglec-E on macrophages may dampen antiviral responses via TLRs. Subsequent studies showed that dendritic cells missing Siglec-E exhibited enhanced responses to many different TLR ligands, and in particular, TLR4 ligands trigger lysosomal sialidases that then interrupt the interactions between TLR4 and Siglec-E, suggesting that TLR functional responses can be regulated by siglecs and specific sialylated glycans [31] . Siglec-E null mice displayed increased killing of malignant cells in vivo, and enhanced protection against autologous cancers, but established tumors actually grew faster in Siglec-E-deficient mice [35, 36] , although this is probably because of an effect on Siglec-9 expressing natural killer cells. Finally, a correlation was observed between the number of CD33-related genes and lifespan in mammals. Mice deficient in Siglec-E had reduced survival and manifested multiple characteristics of aging that were attributed to altered ROS metabolism [37] .
A major advance in our understanding of glycan-lectin binding occurred with glycan arrays developed by the NIH-funded Consortium for Functional Glycomics (http://www.functionalglycomics.org). Using this approach, it was determined that both Siglec-8 and Siglec-F preferentially bind the sialoside glycans 6'-sulfo-sialyl-Lewis X (6'-S-Sialyl-Le x ) and 6'-sulfo-sialyl-N-acetyl-D-lactosamine (6'-S-Sialyl-LacNAc) [38 & ,39 & ].
Although human Siglec-8 shows high selectivity for these sulfated and sialylated glycans, mouse Siglec-F is somewhat more promiscuous, recognizing additional nonsulfated, multivalent, and sialylated LacNAc structures [39 & ]. Indeed, a polyacrylamide polymer decorated with 6'-S-Sialyl-Le x selectively binds to eosinophils among leukocytes in human blood in a Siglec-8 dependent manner and also causes apoptosis [26] . The specificity of Siglec-8 and Siglec-F ligand binding contrasts with Siglec-9 and Siglec-E ligands, which instead bind a related but different sulfated glycan, namely 6-sulfo sialyl Lewis X [15] .
Siglec-F and Siglec-E function in vivo in lung inflammation
Siglec-F and Siglec-E function have been explored in vivo using antibodies, knockout mice, and models where expression of specific ligands has been altered. For example, administration of Siglec-F antibodies in mouse models of chronic allergic asthma nearly normalizes eosinophilic pulmonary inflammatory responses and virtually eliminates lung remodeling [32,40 & ]. Siglec-F deficient mice, as well as mice deficient in a key enzyme required to synthesize its sialylated glycan ligands, namely the a2-3 sialyltransferase ST3Gal-III, display a selective enhancement of allergic eosinophilic inflammation [41] [42] [43] [44] [45] , suggesting that the loss of specific sialic acids from lung glycoproteins allows the augmented accumulation and survival of eosinophils in the airways of these mice. Proteomic analysis of Siglec-F binding material enriched from mouse lungs or mouse airway cells grown in vitro identified Muc5b and Muc4 as carriers of sialylated glycan ligands for Siglec-F. Muc5b-deficient mice exhibited decreased Siglec-F-Fc binding to their airways, most consistently in airway submucosal glands. Purified mucin preparations carried sialylated and sulfated glycans, bound to mouse eosinophils and induced their death in vitro, and mice conditionally deficient in Muc5b displayed exaggerated eosinophilic inflammation in response to intratracheal installation of IL-13 [39 & ]. These data define an innate antiinflammatory property of specific airway mucins by which their glycan composition can control lung eosinophilia through engagement of Siglec-F.
Given this newly identified role of mucins in dampening eosinophilic inflammation, it is worth briefly discussing which mucins are found in the airway under normal or inflammatory conditions. Among the five secreted human gel-forming mucins, MUC5AC and MUC5B, are the main ones produced in the lower airways [46] . Although MUC5B and Muc5b are the predominant gel-forming mucins constitutively present in the airways of humans and mice respectively [47, 48] , MUC5AC and Muc5ac are the predominant gel-forming mucins found at increased levels in allergic airways [46, 49] . Interestingly, MUC5B expression was decreased by 90% in asthmatic airways compared with normals, and was associated with increased airway eosinophils and worse airway hyperreactivity [50, 51] . In contrast, diseases associated with tissue eosinophilia and increased expression of MUC5B, include COPD [52] and CRS [53] .
With the development and study of Siglec-E null mice, its biology could be explored in vivo in models of lung disease. It was shown in an LPS-induced lung inflammation model that Siglec-E-deficient mice exhibited exaggerated neutrophil recruitment compared with normal mice, a finding reminiscent of the exaggerated eosinophilic lung inflammation seen in asthma models using Siglec-F null mice [54] . Altered b2 integrin function plays a role in this response, because administration of an antibody to CD11b abrogated this exaggerated neutrophil recruitment response. Furthermore, Siglec-Edeficient neutrophils showed enhanced outside-in signaling when adhering to fibrinogen in vitro, and sialidase treatment of fibrinogen reversed the suppressive effect of Siglec-E on CD11b signaling in normal neutrophils. These data suggest that the inhibitory effects of Siglec-E on integrin function in normal neutrophils required sialic acid recognition [54] . Furthermore, the inhibitory function of Siglec-E in neutrophils was dependent on ROS generation because an NADPH oxidase inhibitor blocked both neutrophil ROS production and Siglec-E-mediated suppression of neutrophil recruitment [55] . Therefore, Siglec-E on neutrophils, like Siglec-F on eosinophils, functions as an inhibitory receptor, although the inhibitory effects mediated via Siglec-F, such as eosinophil apoptosis, are independent of ROS [33] .
Evidence of Siglec-8 and Siglec-9 ligand expression in chronic rhinosinusitis
Recent studies have investigated the expression of ligands for Siglec-8 and Siglec-9 in normal human turbinate tissue, as well as tissues derived from patients with CRS [56 & ]. The ligands were detected with fusion proteins bearing the extracellular domain, which includes the lectin domain of the siglec, as a fusion protein with human IgG1 heavy chain. In the normal turbinate, Siglec-8 ligand was prominently expressed in submucosal gland epithelial cells. Based on the morphology of the Siglec-8-expressing cells, they were serous cells. Serous cells produce the thin secretions found constitutively in airways, and their secretion is induced upon exposure to cold or chemical or biological stimuli. No expression of Siglec-8 ligand was detected in mucous cells. Mucous cells are the cells that produce copious quantities of mucinous mucosal fluids, especially after stimulation with innate activating proteins from bacteria, fungi, or viruses. A different pattern of expression of Siglec-9 ligand was observed in the normal turbinate, with the ligand being detected in both serous and mucous cells within the submucosal glands as well as broadly in connective tissue (Fig. 1) . All of the staining was eliminated when the tissue was treated with sialidase, suggesting that it was because of sialic acid moieties in the tissue sites [56 & ]. Evaluation of turbinate tissue sections from patients with CRS revealed a marked increase in the level of staining of both Siglec-8 ligand and Siglec-9 ligand (Fig. 1 ), suggesting that inflammatory cells or mediators involved in the disease have activated the submucosal gland cells to increase their expression of the ligands [56 & ]. Companion studies with a cultured epithelial cell line demonstrated that inflammatory cytokines indeed increase expression of ligands. Additional studies indicated that the Siglec-9 ligand was present on MUC5B, a highly glycosylated protein that is increased in CRS; the molecule that carries Siglec-8 ligand is yet unknown, so it appears that while Muc5B is a ligand for Siglec-F, MUC5B is not a ligand for Siglec-8 [56 & ]. Previous studies [57, 58] had shown that Siglec-9 also recognizes glycans on other mucins such as MUC1. Although the increased levels of siglec ligands in CRS are in agreement with the increased levels in the in-vitro studies, it is difficult to reconcile these findings with the disease process itself. Owing to the fact that siglec ligands should downregulate both the viability and the activation of mast cells, eosinophils, and basophils [59] , one might have expected lower levels of these regulators in disease. However, it is unknown at present whether the ligands are being released into the tissue or into the lumen of the upper airways and sinuses. The information that we have merely shows that ligands sequestered within what appear to be serous (Siglec-8 and Siglec-9 ligands) and mucous (Siglec-9 ligands) cells presumably have insufficient access to or effect on the accumulated tissue inflammatory cells that they are known to regulate. It is possible in disease that the ligands are produced in glandular epithelial cells but not secreted, for example. In addition, it is not clear whether the ligands for either Siglec-8 or Siglec-9 found in turbinate tissue are oriented in such a way that they can crosslink siglecs and activate signaling on the surface of cells. Presumably the valency and spacing of the glycan ligands can play an important role in determining the intrinsic activity of the endogenous ligands on receptor-bearing cells. Future studies evaluating the extracellular presence of these ligands and the biological activity of endogenous siglec ligands in triggering the antiinflammatory effects will be necessary to determine whether these findings support or contradict a model in which the ligands regulate disease activity.
Potential therapeutic applications of siglecs in chronic rhinosinusitis and other type 2 diseases
A considerable body of literature now suggests that Siglec-8 and Siglec-9 are important regulators of inflammation and disease [16 & ,45,59]. As described above, mice lacking the mouse versions of these receptors have increased inflammatory responses, and treatment of mice with drugs that activate the siglec-mediated anti-inflammatory pathways can suppress inflammation in mouse models of type 2 diseases and acute lung inflammation. Based on the prominent role of the three Siglec-8 expressing cell types, mast cells, eosinophils, and basophils, in CRSwNP, it is reasonable to expect that Siglec-8activating therapeutics will be more beneficial in CRSwNP than Siglec-9-activating therapeutics, at least in patients that are not of Asian descent.
Though perhaps less obvious, Siglec-9 therapeutics are still worthy of consideration in CRSwNP. Neutrophils are highly elevated in both forms of CRS, and recent studies have shown elevated levels of other Siglec-9 ligand bearing cells, including monocytes, macrophages, and dendritic cells, in nasal polyps.
The potential approaches to exploiting siglec biology for therapeutic gain, include antibodies and synthetic ligands that crosslink siglecs. Synthetic ligands that crosslink siglecs could include low-molecular weight compounds that contain at least two ligands, enabling them to crosslink larger molecules with many repeating ligands and even liposomes or nanoparticles that have on their surface siglec-binding ligands [26, 60] . In all cases, the drugs should be highly specific for the desired siglec. There are reports showing that commercial intravenous immunoglobulin replacement preparations contain antibodies to Siglec-8 and Siglec-9 [61] . Although it is tempting to attribute some of the beneficial effects of intravenous immunoglobulin in allergic or neutrophilic diseases to this component, there is no direct evidence to support this theory.
CONCLUSION
The potential benefits of Siglec-8 activating drugs are both profound and subtle. The ability of drugs that crosslink Siglec-8 to turn off mast cell mediator release [29] is of obvious potential value in CRSwNP and other diseases with a strong mast cell component. As discussed above, the biology of Siglec-8 crosslinking on eosinophils, and Siglec-9 crosslinking on neutrophils indicates that primed, or cytokine-activated cells are selectively responsive to the apoptosis-inducing effects of Siglec-8 and Siglec-9 crosslinking, respectively. This suggests that Siglec-8 or Siglec-9 binding drugs will selectively kill activated eosinophils or neutrophils and leave undisturbed resting eosinophils and neutrophils. If this is the case, then such drugs may be more effective in aspirin-exacerbated respiratory disease (i.e. CRSwNP plus asthma plus aspirin intolerance), where the level of activation of eosinophils (as well as mast cells and presumably basophils) is considerably higher. It will be of great interest as drugs that engage the siglec mechanisms make their way to clinical trials in patients with CRSwNP.
